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Fig. 2. IQ-axis mapping of the 64QAM constellation.
























0 ≤ γ < ∞; l = 1,2,...,L. (7)
It is interesting to observe from (7) that if the lth hop is
selected based on our MHD scheme, the PDF of its SNR is
independent of the other (L − 1) channels. This conditional
PDF is identical to that encountered, when the L hops ex-
perience the same fading CDF as the lth hop. Furthermore,
we can see that (7) is in fact the PDF of the maximum SNR
selected from the set of SNRs {γ1,γ2,...,γL}, when these
SNRs obey independent identical distribution (i.i.d) with the
PDF and CDF as given by (3). Hence, our MHD scheme
effectively emulates a selection diversity scheme. The more
hops are invoked, the higher the diversity gain becomes and
therefore the better the BER performance becomes. Hence,
when all the L hops are assumed to be always available for
activation, the BER obtained represents the lower-bound of the
BER, which justiﬁes the terminology of, lower-bound single-
hop BER, and, lower-bound end-to-end BER, used in this
paper.
Given the PDF fSC
l (γ), as shown in (7), the lower-bound
single-hop BER for the lth hop P
(l)
Le can be derived by ﬁrst
considering the conditional probability P
(l)
Le(γ). It is well-
known that the (square) MQAM signal can be decomposed
into two independent PAM signals [25,27,28], each of which
has the constellation points located at
{±d,±3d,    ,±(
√
M − 1)d}, (8)
where 2d represents the minimum Euclidean distance of the
constellation points. When normalized by the noise’s standard








In MQAM, the two component PAM signals have the same
error probability and can be treated independently. For exam-
ple, when the classic Gray coded bit mapping is applied, which
is the case considered in this paper, the 64QAM constellation
can be decomposed into (I-)PAM and (Q-)PAM, as shown in
Fig. 2, where bi1bi2bi3 and bq1bq2bq3 are the bits conveyed by
the I-PAM and Q-PAM, respectively.
Let us speciﬁcally consider the I-PAM stream and express
the probability Pi that a transmitted signal belongs to the
constellation point id, where i = ±1,...,±(
√
M − 1). Let
P
(l)
{i,j}(γ) represent the transition probability at the lth hop,
which is the probability that the receiver declares that jd is
detected, while id was transmitted. Furthermore, let ei,j be the
number of different bits between the signal representing the
constellation point id and that corresponding to the constel-
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M−1
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, 1 1 1 = [1,1,    ,1]
T , (11)
where p p p is an
√
M-length vector, 1 1 1 is an
√
M-length vector





dimensional square matrices. Then, (10) can be expressed in










1 1 1T  
E E ET ⊙P P PT
l (γ)
 
p p p, (12)
where ⊙ represents the Hadamard product [29]. Observe that
at the right-hand side of (12), only P P Pl(γ) is a function of
γ. Hence, the average single-hop BER P
(l)
Le may be obtained
by averaging P
(l)
Le(γ) of (12) with respect to the PDF of (7),
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p p p, (13)








{i,j} denoting the average tran-













M − 1). (14)
Again, P
(l)
{i,j}(γ) is the transition probability that the re-
ceiver declares the jth constellation point, given that the ithconstellation point was transmitted. This probability can be







(|i − j| − 1) d
σ
 















where Q(x) is the Gaussian Q-function. For example, when
4QAM (QPSK) is employed, we have d/σ =
√
γ. Hence, the
probability transition matrix is expressed with the aid of (15)
as




















Finally, when substituting (7), (9) as well as (15) into (14)









(|i − j| − 1)¯ γl
 




















































When ml is an arbitrary non-integer value, we ﬁnd that it
is extremely hard to derive the closed-form solution for the
integral in (18). By contrast, when m is an integer, a closed-
form expression can be derived for (18). In this case, ﬁrstly, the












Then, upon substituting (19) into (18) and after some rear-










































Finally, the above expression can be simpliﬁed with the aid of




































where the coefﬁcients c
(li)
k can be recursively computed ac-
cording to the formulas in (16) of [26], yielding
c
(li)
0 = 1, c
(li)























2ml(li + 1)/¯ γl + A2
i,jg¯ γl








ml(li+1)/γh+¯ γl and P
(l)





Finally, we note that the lower-bound single-hop BER P
(l)
Le
of the L-hop MHL supported by the proposed MHD principles
can be evaluated by substituting (17) and the associated
formulas into (13).
Having obtained the lower-bound single-hop BER P
(l)
Le of
(13), the lower-bound end-to-end BER PLE can now be
derived by exploiting that the decode-and-forward scheme of
Fig. 1, where a packet is passed through the entire ad hoc chain
from one node to another. Regardless of the number of hops,
we are interested in the end-to-end constellation-constellation
transition matrix.3 Once we determined this transition ma-
trix, the BER performance can be analyzed similarly to the
single hop case. This equivalent end-to-end constellation-
constellation transition matrix is
 L
l=1P P PT
l , which is created
as the product of the transition matrix in each hop of the
link. Hence, when considering all the
√
M possible transmitted
symbols, which have the a-priori probabilities of p p p, as shown
in (11), the lower-bound end-to-end average BER of the L-hop













p p p. (24)
Note that, an end-to-end average BER expression for MHLs
has been derived in [31](42), which has a similar form as (24).
However, the expression [31](42) is only for BPSK/QPSK, but
not for MQAM, when M ≥ 16. Speciﬁcally, for BPSK we can
















The lower-bound end-to-end BER of the MHLs has been
derived above, which assumed that each RN has an inﬁnite
buffer size and the RNs always have packets to transmit.
The exact end-to-end BER of the MHLs is considered below,
where we assumed that every RN has a buffer of ﬁnite
size. In this case, the hops obeying either of the following
conditions should be excluded from the transmission list: a)
the hops, whose transmit nodes do not have packets to transmit
3The constellation-constellation transition matrix represents the transition
probabilities from constellation points from transmitter to constellations points
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Fig. 4. BER versus average SNR per bit performance of three-hop links of





6] and experiencing different
Nakagami-m fading associated with m = [3 2 1], when the buffer size of
every RN is B = 4,...,512 packets, the modulation scheme is 16QAM,
and the EA is applied to make all hops achieve the same received average
SNR.
on the achievable performance. In our evaluations, we assume
that the pathloss obeys the negative exponential law of d
−α
l ,
where dl is the length of the lth hop between nodes (l−1) and
l, while α represents the pathloss exponent having a typical
value between 2 to 6. In order to illustrate the impact of the
number of hops per MHL on the achievable performance, we
assume that the total energy assigned for transmitting one
bit from the SN to the DN is constant, regardless of the
number of hops per MHL. Speciﬁcally, we let the received
energy at the DN is Eb unit when transmitting one bit directly
from SN to DN, which is termed as the ‘Average SNR per
bit’ in the ﬁgures. Then, when given a pathloss exponent α
and a distance d between SN and DN, the transmit energy
required is then given by Etotal = log2 M × dαEb. Then, if
the MHL has L hops, the total energy Etotal is assigned to
the L transmit nodes, according to one of the following two
scenarios. In the ﬁrst scenario, appropriate energy allocation
(EA) is implemented for assuming that all the hops have
the same average SNR. In this case, the ith hop’s transmit






. Hence, all the L hops have the same
received (signal) energy, which is E′ = Etotal PL
l=1 dα
l
. In the ﬁrst
scenario, we assume that different hops experience different
fading CDFs, in order to illustrate the impact of diverse m-
factors. In the second scenario, we assume that each of the
L hops uses Etotal/L unit of energy to transmit, while all
the hops experience the same fading CDF. This allows us to
investigate the effect of the distances between nodes on the
achievable performance.
Note that in this section the theoretical results shown in the
ﬁgures were evaluated from the formulas derived in Section
III, while the values represented by the markers were obtained
via simulations. The curves corresponding to B = 512 were
evaluated based on the approximation algorithm. Furthermore,
the corresponding results for the conventional (Conv.) multi-
hop transmission scheme are depicted as the benchmarkers.
Fig. 4 to Fig. 8 characterize the end-to-end BER perfor-
mance. The impacts of the m-factor, of the buffer size of
RN nodes, pathloss exponents, number of hops and of the
modulation schemes on the end-to-end BER are investigated.
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Fig. 5. BER versus average SNR per bit performance of three-hop links of





6] and experiencing different
Nakagami-m fading associated with m = [3 2 1] and different pathloss
reﬂected by α = 2,3,4, when the buffer size of every RN is B = 32
packets, the modulation scheme is 16QAM, and the EA is applied to make
all hops achieve the same received average SNR.
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Fig. 6. BER versus average SNR per bit performance of three-hop links of





6] and experiencing the same
type of Nakagami-m fading associated with m = 2, when the buffer size of
every RN is B = 4,...,128 packets, the modulation scheme is 16QAM,
and 1/3 of the total transmission energy is assigned to every hop, hence the
hops have different received average SNR.
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Fig. 7. BER versus average SNR per bit performance with respect to different
number of hops, when the buffer size of every RN is B = 8 packets and the
modulation scheme is 16QAM. The distance between SN and DN is the same
regardless of the number of hops and, for any case, all hops have the same
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Fig. 8. BER versus average SNR per bit performance of two-hop links with
different modulation schemes, when communicating over Rayleigh (m =
1) fading channels. The buffer size of every RN is B = 32 packets, the
modulation scheme is 16QAM and both hops have the same distance.
Except for Fig. 6, where the different hops have different
received average SNRs, in Fig. 4, 5, 7 and 8 all the hops have
the same received average SNR, which is achieved with the
aid of our hop-length-dependent EA. The parameters used in
our investigations can be found in the corresponding ﬁgures.
Note that, the distances shown in the ﬁgures are normalized
distances obtained by assuming that the distance between SN
and DN is unity.
Fig. 4 illustrates the impact of the buffer size on the end-
to-end BER performance of three-hop links. Explicitly, the
BER performance improves, as the buffer size of the RNs
is increased, implying that MHD is indeed beneﬁcial. When
the buffer size is relatively large, such as B = 512 packets,
corresponding to the equivalent buffer size of ˆ B = 128, the
attainable BER performance is close to the lower-bound BER
achievable by using an inﬁnite buffer size. As shown in the
ﬁgure, in comparison to the conventional multihop diversity
scheme, at a BER of 10−3, the multihop diversity gain is over
14dB, when a buffer of B = 512 packets is used by every
RN.
Fig. 5 shows the impact of the propagation pathloss on the
end-to-end BER performance of three-hop links experiencing
different fading CDFs associated with m = [3 2 1] for the ﬁrst,
second and third hops, respectively. The results show that the
end-to-end BER performance improves, as the pathloss expo-
nent becomes higher, implying a higher propagation pathloss.
Hence, for high pathlosses, it is beneﬁcial to use multihop
transmission relaying on MHD. The reason behind it is that
when the propagation pathloss increases, the total transmission
energy required for single-hop transmission from SN to DN
signiﬁcantly increases. When this total energy is shared by
multihop transmission, signiﬁcant performance improvements
can be obtained. Observe in Fig. 5 that our MHD scheme sig-
niﬁcantly outperforms the conventional multihop transmission
scheme.
Fig. 6 shows the end-to-end BER of three-hop links expe-
riencing the same Nakagami fading CDF of m = 2. In our
simulations, equal energy allocation was applied. Hence, the
different hops have different received average SNRs due to the
different distances assumed. In this case, the system’s BER
performance will be dominated by that of the longest hop.



































-5 0 5 10 15








Fig. 9. Outage performance of three-hop links of the three hops having





6] and experiencing different Nakagami-m fading
associated with m = [3 2 1], when the buffer size of every RN is B =
4,...,512 packets, the modulation scheme is 16QAM, and the EA is applied
to make all hops achieve the same received average SNR.
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Fig. 10. Outage performance with respect to different number of hops, when
the buffer size of every RN is B = 8 packets and the modulation scheme
is 16QAM. The distance between SN and DN is the same regardless of the
number of hops and, for any case, all hops have the same distance.
As seen in Fig. 6, a signiﬁcant MHD gain can be obtained in
comparison to the conventional multihop transmission scheme.
Speciﬁcally, at the BER of 10−3, the MHD gain is in excess of
than 7dB, which is achieved by arranging every RN a buffer
of B = 128 packets.
Fig. 7 demonstrates the impact of the number of hops
on the end-to-end BER performance. In the simulations, we
assumed that the modulation scheme was 16QAM and the
buffer size was B = 8. Different hops were assumed to
experience i.i.d Nakagami-m fading and all hops had the same
distance. Explicitly, given the distance between SN and DN,
the BER performance is improved, when the number of hops
is increased, resulting in more diversity gain.
Fig. 8 shows the end-to-end BER performance for different
modulation schemes employed by a 2-hop link with a RN of
buffer size B = 32, when operated in Rayleigh fading (m =
1) channels. Compared to the conventional multihop diversity
scheme, the MHD achieved a 9dB gain for QPSK and a 4dB
gain for 256QAM at the BER of 10−3. The reason for having
a lower diversity gain for high order modulation schemes is
that the equivalent buffer size is ˆ B = 32/log2 4 = 16 for
4QAM and ˆ B = 32/log2 256 = 4 for 256QAM.
Figs. 9, 10 and 11 characterize the outage probability of